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The genome of tomato pseudo-curly top virus (TPCTV), originating from Florida, has been cloned and sequenced. TPCTV
is the only geminivirus identified with a vector specificity which falls outside the Cicadellidae (leafhoppers) and Aleyrodidae
(whiteflies). Infectivity of the cloned viral genome was demonstrated by Agrobacterium-mediated inoculation of several host
species. Progeny virus was transmissible by the treehopper vector of TPCTV, Micrutalis malleifera (Fowler). The genome
of TPCTV shows features typical of both subgroups I and III genera of the family Geminiviridae. The coat protein of TPCTV,
although distinct from all previously characterized geminiviruses, exhibits features more akin to the leafhopper-transmitted
geminiviruses than those transmissible by the whitefly Bemisia tabaci Genn. The relationship of TPCTV to other geminiviruses,
particularly beet curly top virus, is discussed in relation to the possible evolutionary origins of this virus. q 1996 Academic
Press, Inc.
INTRODUCTION nome. The larger of the two genomic components (DNA
A) encodes the coat protein and all functions required
The ability of a virus to move from host to host, and for replication. The second genomic component has two
to move intercellularly within host tissues, is as important conserved ORFs, the products of which are required for
a part of the infection cycle as the ability to replicate. spread within plants (Brough et al., 1988; Etessami et al.,
Plant viruses have evolved an impressive array of mecha- 1988; Noueiry et al., 1994). A number of subgroup III
nisms for transmission. Although these mechanisms in- geminiviruses have been identified which lack a second
clude mechanical, seed, and pollen transmission the ma- component (Navot et al., 1991; Kheyr-Pour et al., 1992;
jority of viruses utilize a mobile vector, most important of Dry et al., 1993).
which are the arthropods. The vectors of geminiviruses all fall within the Homo-
The family Geminiviridae is presently arranged into ptera, and vector specificity is used as a taxonomic trait.
three genera (Briddon and Markham, 1995). The genus The largest genus within the Geminiviridae, subgroup III,
subgroup I comprises viruses which are transmitted by consists of over 60 viruses which are all transmitted by
leafhoppers and mostly infect monocotyledonous plants. a whitefly species complex, Bemisia tabaci Genn. (Bed-
The exception to this is tobacco yellow dwarf virus ford et al., 1994; Markham et al., 1994). Smaller in number
(TYDV) which infects only dicots (Morris et al., 1992). but showing far greater variability of vector species are
Viruses of this genus have a single genomic component the viruses of subgroups I and II. These viruses are each
with four conserved open reading frames (ORFs), two transmitted by a different species, and in most cases a
each in the virion and the complementary sense of the different genus, of Cicadellid (leafhopper). The transmis-
genome. Only a single member of the genus subgroup II, sion of geminiviruses is believed to be circulative, similar
beet curly top virus (BCTV), has been fully characterized. in many respects to the transmission of luteoviruses by
BCTV is leafhopper-transmitted, with a dicotyledonous aphids (Gildow and Rochow, 1980; Gildow, 1985).
host range. The virus has a single genomic component Although little is known about the interactions which
with six or more conserved ORFs, the arrangement of lead to vector specificity between the geminiviruses and
which closely resembles that of the DNA A components their insect vectors, a number of findings point to a single
of subgroup III geminiviruses (Stanley et al., 1986; gene product, the coat protein (CP), as being responsible.
Stenger, 1994). Members of the genus subgroup III are First, the CP is the only structural protein in geminivirus
all whitefly-transmitted, and infect only dicots. The major- virions and there is no evidence for any form of helper
ity of the viruses within this genus have a bipartite ge- factor. Second, the CPs of geminiviruses transmitted by
leafhoppers (where each virus is transmitted by a differ-
ent species) show more variability than those transmitted1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 01603 456844; E-mail: Briddon@BBSRC.AC.UK. by whiteflies (which are all transmitted by a species com-
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plex). Although not conclusive, the importance of the CP Infectivity of the cloned genome of TPCTV was as-
sessed by Agrobacterium-mediated inoculation (Grim-in the transmission of geminiviruses was demonstrated
in experiments involving the exchange of CPs between sley et al., 1987). An approximately 2800-bp EcoRI–SalI
fragment of clone pTPCT 001 was cloned into the binarya leafhopper- and a whitefly-transmitted virus. This re-
sulted in a change in vector specificity (Briddon et al., vector pBin19 (Bevan, 1984), and the full-length EcoRI
insert of pTPCT 001 was subsequently ligated into the1990).
A disease of tomato with symptoms resembling those unique EcoRI site to yield a construct containing a partial
repeat. This pBin19 construct was then conjugated (Dittaof BCTV was first described in Florida in 1950 (Stoner
and Hogan, 1950). Initially thought to be caused by a et al., 1980) into Agrobacterium tumefaciens strain C58nal
(Hepburn et al., 1985). Agroinoculation of test seedlingsstrain of BCTV because of the similarities in symptoms
between the two diseases, identification of the vector of was conducted as described previously for BCTV (Brid-
don et al., 1989).this disease agent as the treehopper Micrutalis malleif-
era (Fowler) dispelled this idea (Simons and Coe, 1958). Transmission of progeny virus was assessed by cag-
ing groups of M. malleifera on S. nigrum plants infectedSubsequently both the disease and the virus thought to
cause it were renamed pseudo-curly top. The work of by agroinoculation. Insects were given a 48-hr acquisi-
tion access period before being transferred singly toMcDaniel and Tsai (1990) showed that plants exhibiting
pseudo-curly top symptoms contained nuclear inclusions healthy S. nigrum seedlings. After a 48-hr inoculation
access period, seedlings were sprayed with organo-and virus particles typical of the geminiviruses. In addi-
tion, purified tomato pseudo-curly top virus (TPCTV) parti- phosphorous insecticide and maintained in insect-free
glasshouses. Plants were monitored daily for the appear-cles contained DNA, and antisera raised against TPCTV
and BCTV cross-reacted in reciprocal enzyme-linked im- ance of symptoms.
munoassays. Based on this evidence TPCTV was tenta-
tively described as a geminivirus closely related to BCTV. Nucleotide sequence determination and sequence
analysisThe nucleotide sequence of a full-length, infectious,
insect-transmissible clone of TPCTV has been deter-
The nucleotide sequence of clone pTPCT 001 wasmined to confirm the inclusion of this virus as a member
determined by dideoxynucleotide chain termination se-of the Geminiviridae, and to assess the relationship of
quencing (Sanger et al., 1977) using Sequenase VersionTPCTV to previously characterized geminiviruses, with
II (USB) and [a-35S]dATP (New England Nuclear). Restric-particular emphasis on the CP and its function in vector
tion fragments produced from clone pTPCT 001 werespecificity.
cloned into M13mp18 and M13mp19 for sequence analy-
sis. Areas of the clone lacking suitable restriction sites
MATERIALS AND METHODS were sequenced using specific oligonucleotide primers
produced using a Pharmacia oligonucleotide synthe-Origin and maintenance of virus isolate and insect
sizer. Sequencing products were resolved by electropho-vector
resis in denaturing buffer gradient gels (Biggin et al.,
Both TPCTV-infected Solanum nigrum L. (black night- 1983) using acrylamide solutions produced by Severn
shade) and the treehopper M. malleifera were obtained Biotech, Ltd.
from Florida. The virus was maintained by insect trans- Sequence information was stored, assembled, and an-
mission in both S. nigrum and Datura stramonium. Colo- alyzed using Version 7 of the program library of the Ge-
nies of M. malleifera were maintained on mature S. ni- netics Computer Group (Devereaux et al., 1984). Phyloge-
grum plants, in perspex cages at 257 with a 16-hr netic analysis was conducted on matrices of aligned se-
daylength. quences using the neighbor-joining and bootstrap
options of CLUSTAL V (Higgins et al., 1992) on a VAX
Cloning, infectivity, and insect transmission mainframe computer.
TPCTV supercoiled DNA (scDNA) was isolated from
RESULTSinfected S. nigrum leaf tissue as previously described
for African cassava mosaic virus (ACMV; Stanley and Infectivity, symptoms, and insect transmission
Townsend, 1985). Samples of scDNA were digested with
various restriction endonucleases and analyzed by aga- The infectivity of the cloned genome of TPCTV by Agro-
bacterium-mediated inoculation to a number of plant spe-rose gel electrophoresis to determine single cutting sites
suitable for cloning the full-length genome. An aliquot of cies is summarized in Table 1. The first symptoms of
infection typically appeared within 10 days of inoculationscDNA, linearized with EcoRI, was cloned into M13mp18
(Norrander et al., 1983). A single clone (pTPCT 001) con- for Lycopersicon esculentum, S. nigrum, and Nicotiana
benthamiana. Early symptoms of infection for these threetaining a potentially full-length insert was selected for
further analysis. species were vein clearing followed by vein swelling,
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TABLE 1 TABLE 2
Infectivity of TPCTV by Agrobacterium-Mediated Inoculation Open Reading Frames in TPCTV DNA
No. of PredictedInfectivity (plants infected/
inoculated) ORF Start Stop amino acids Mr
V1 353 1081 242 26.9Species Expt 1 Expt 2 Expt 3
V2 193 483 96 10.7
C1 2759 1710 349 39.8Nicotiana benthamiana 10/10 96/96 49/50
Solanum nigrum 4/4 4/4 5/5 C2 1723 1244 159 17.9
C3 1494 1090 134 15.7Datura stramonium 4/4 50/50 50/50
Beta vulgaris cv. Giant Western 0/5 0/20 0/20 C4 2599 2342 85 9.5
Lycopersicon esculentum cv.
Kondine Red 5/5 4/4 5/5
Comparison of TPCTV to other geminiviruses
The relative levels of conservation of amino acid se-enations on the undersides of the leaves, upward curling
quence between the predicted ORFs of TPCTV and theirof the leaves and leaf distortion. Infection of D. stramo-
counterparts in a number of other characterized geminivi-nium produced symptoms which were much milder with
ruses are shown in Table 3. In the complementary sense,pronounced vein clearing but little leaf curling and vein
TPCTV encodes the three overlapping ORFs typical ofswelling. Symptoms of plants infected with cloned TPCTV
subgroup II and III geminiviruses. These three ORFsby agroinoculation were indistinguishable from symp-
show higher levels of sequence similarity to their coun-toms produced by plants infected with the wild isolate
terparts in tomato golden mosaic virus (TGMV; Hamiltonof the virus. Agroinoculation of the virus into Beta vulgaris
et al., 1984) than BCTV. A dendrogram depicting the rela-(cv. Giant Western) did not lead to infection.
tionship between TPCTV, maize streak virus (MSV; Mulli-In transmission tests, using single insects, 7 of 10
neaux et al., 1984), TYDV (Morris et al., 1992), squashnightshade seedlings became infected by transmission
leaf curl virus (SLCV; Lazarowitz and Lazdins, 1991), thefrom plants infected with the cloned virus. In control ex-
Israel isolate of tomato yellow leaf curl virus (TYLCV-I;periments, 8 of 10 nightshade seedlings were infected
Navot et al., 1991), ACMV (Stanley and Gay, 1983), tomatowith the wild TPCTV isolate in single insect transmission
mottle virus (TMoV; Abouzid et al., 1992), TGMV, and theassays. In both transmission tests symptoms of infection
Californian (BCTV-CAL.; Stanley et al., 1986) and CFHtypically appeared within 15 days of inoculation by in-
(Stenger, 1994) strains of BCTV, based on aligned C1sects.
amino acid sequences, is shown in Fig. 2. In this tree
TPCTV segregates with and is basal to the New WorldSequence analysis
The nucleotide sequences of both strands of clone
pTPCT 001 were determined in their entirety with no
ambiguities remaining. The sequence consists of 2861
nucleotides and is available in the DDJB, EMBL, and
GenBank nucleotide sequence databases under Acces-
sion No. X84735. Nucleotide numbering proceeds from
the 3 * A in the sequence TAATATTAC, the nick site for
the initiation of viral-strand DNA replication (Laufs et al.,
1995). This motif is conserved in all geminiviruses char-
acterized to date, forming part of the loop of a potential
hairpin structure.
Both the virion- and the complementary sense se-
quences were screened for the presence of ORFs. Six
ORFs with a capacity to encode proteins of Mr greater
than 9 kDa were detected (Table 2) and are numbered
according to the convention of Davies and Stanley (1989)
as modified by Padidam et al. (1995). Under this system
the coat protein gene is designated V1 (or AV1) for all
three geminivirus genera. Further virion-sense genes are
FIG. 1. The genomic organization of TPCTV DNA. Arrows represent
then numbered in reverse order. The position and orien- ORFs in both orientations. Solid and open triangles indicate the posi-
tation of the ORFs on the genome of TPCTV are shown tions of potential polyadenylation signals [(A/G)ATAA] and promoter
regions [TATA(T/A)AA], respectively (Breathnach and Chambon, 1981).in Fig. 1, starting from the first in-frame methionine codon.
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TABLE 3
Percentage of Amino Acid Sequence Similarities (Identities) between Putative Gene Products of TPCTV and Selected Geminiviruses
Percentage sequence similarity (identity)
VIrus V1 V2 C1 C2 C3 C4
BCTV-CAL. 45.2 (21.5) 40.0 (17.6) 81.6 (69.8) 44.3 (20.8) 58.8 (35.1) 78.8 (68.2)
BCTV-Logan 44.1 (21.2) 40.0 (17.6) 81.6 (70.4) 42.3 (20.1) 58.0 (35.1) 80.0 (68.2)
BCTV-CFH 44.2 (21.2) 35.9 (19.6) 79.0 (67.4) 44.8 (21.0) 61.1 (36.6) 51.8 (43.5)
TYDV 42.4 (24.0) 38.3 (14.9) 56.2 (38.4)a — — —
MSV 39.9 (21.9) 43.6 (22.3) 51.7 (33.8)a — — —
ACMV (DNA A) 43.4 (24.0) 43.2 (16.8) 76.5 (65.4) 48.8 (30.7) 64.9 (38.9) 51.8 (38.8)
TYLCV-I 45.4 (24.3) 41.2 (21.1) 81.1 (68.8) 48.8 (27.6) 67.2 (39.7) 64.7 (51.7)
TLCV 45.8 (24.8) 39.1 (15.2) 82.0 (71.6) 46.9 (30.9) 65.9 (41.1) 63.5 (57.6)
TGMV (DNA A) 45.5 (21.03) — 85.9 (75.9) 53.6 (36.0) 63.1 (43.1) 76.5 (64.7)
TMoV (DNA A) 43.9 (25.0) — 84.8 (72.7) 51.2 (32.2) 63.1 (41.5) 72.9 (64.7)
a Comparisons conducted on the spliced products of the C1 and C2 genes.
whitefly-transmitted (subgroup III) viruses. In contrast, of the coat protein, which is leucine rich for the subgroup
II and III geminiviruses, TPCTV shows more similarity tothe predicted amino acid sequence of the product of the
C4 ORF, which is wholly contained within the C1 ORF the subgroup I geminiviruses, particularly in the core
GAVY sequence. In this region the sequence of BCTVcoding sequence, shows the highest levels of sequence
similarity to the C4 products of the Californian and Logan
isolates of BCTV but not the CFH strain. For TPCTV this
ORF encodes a product which consists of only the 85
amino acid residue ‘‘core sequence,’’ found in subgroup
II and III genera geminiviruses, which has been identified
by Stanley et al. (1992).
The two ORFs in the virion sense are positionally anal-
ogous to the V1 (CP) and V2 genes of BCTV. The CP of
TPCTV shows only relatively low homology to CPs of
other geminiviruses. An alignment of the predicted amino
acid sequence of the CP of TPCTV to those of BCTV-
CAL., ACMV, TMoV, TYLCV-I, TYDV, and MSV is shown
in Fig. 3. The sequence of the coat protein of TPCTV
shows a series of amino acids more typical of the sub-
group I genera geminiviruses. For the hydrophobic re-
gion (underlined in Fig. 3) toward the carboxy terminus
FIG. 2. Phylogenetic tree obtained from aligned C1 amino acid se-
quences. The dendrogram was calculated using the neighbor-joining
and bootstrap (1000 replications) options of CLUSTAL V. Vertical
branches are arbitrary, horizontal branches are proportional to calcu- FIG. 3. Alignment of the predicted amino acid sequence of the coat
protein of TPCTV to those of a number of other geminiviruses. Thelated mutation distances. Numbers at nodes indicate percentage boot-
strap scores. underlined sequence is discussed in the text.
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per-transmitted geminiviruses have from 17 to 99% se-
quence identity, while that between whitefly-transmitted
geminiviruses is over 60%. The sequence identity be-
tween the CPs of whitefly- and leafhopper-transmitted
viruses is typically in the region of 10–13% (Padidam et
al., 1995). In view of the crucial role played by the CP in
determining vector specificity (Briddon et al., 1990), it is
possibly not surprising to find that the CP of a virus
transmitted by a Membracid bears little similarity to those
of viruses transmitted by Aleyrodid and Cicadellid vec-
tors. Some small amount of residual homology might
be expected due to constraints imposed by the shared
FIG. 4. Phylogenetic dendrogram based on alignments of the pre- geminate particle morphology as well as the possible
dicted sequences of the coat protein. All tree details are as for Fig. 2 role of the CP in movement (Briddon et al., 1989; Hor-
muzdi and Bisaro, 1993). However, a region of sequence
within the CP places TPCTV closer to the family of leaf-(KENALLY) aligns more closely with that of the whitefly-
hopper-transmitted rather than whitefly-transmitted gem-transmitted geminiviruses (TENALLLY) than with TPCTV,
iniviruses. The C-terminal region of the CP of BCTV haswhereas TYDV is more similar to the monocot-infecting
previously been highlighted by Stanley et al. (1986) inviruses (KEGALY). The significance of this region of the
comparisons to the CPs of ACMV and MSV. This relation-CP remains unclear. However, for MSV, mutation of the
ship between the three groups of geminiviruses (basedGAVY sequence abolishes infectivity (M. I. Boulton, per-
on vector taxa) is in keeping with the proposed phylogenysonal communication).
of the Homopteran superfamilies (Nault, 1987), which hasFigure 4 shows a phylogenetic dendrogram calculated
the Membracidae and Cicadelidea diverging after thefrom the previous CP amino acid sequence alignment,
divergence of the Auchenorrhyncha (which includesbut additionally including the CPs of SLCV, the CFH and
’hoppers) and Sternorrhyncha (which includes whiteflies)Logan (S. G. Hormuzdi and D. M. Bisaro, personal com-
some 230 million years ago (Hennig, 1981). The coevolu-munication) strains of BCTV, produced using CLUSTAL
tion of homopteran vectors with the viruses they transmitV. In this tree the CP of TPCTV segregates with the leaf-
was first put forward by Matthews (1991) and in the con-hopper-transmitted viruses being most closely related,
text of geminiviruses was recently discussed by Rybickibut basal, to the BCTVs.
(1994).The predicted amino acid sequence of the V2 gene
The second ORF in the virion sense of the TPCTVproduct of TPCTV has no significant sequence similarity
genome is positionally analogous to the V2 gene of BCTVto the V2 products of the other geminiviruses to which it
although they share little amino acid sequence similaritywas compared. Figure 5 is a dendrogram produced to
(44%). Evidence has been presented to suggest thatshow alignments of the predicted amino acid sequences
the V2 gene of BCTV is involved in the regulation ofof gene V2 products. The sequence of BCTV-CAL. gene
the relative levels of single-stranded (ss) and double-V3 was included for comparison. In this tree no signifi-
stranded (ds) DNA during replication (Stanley et al., 1992;cant relationship between TPCTV V2 and those of other
Hormuzdi and Bisaro, 1993). In contrast, the V2 gene ofgeminiviruses was detected. The lack of significant rela-
MSV has been implicated in virus movement in plantstionship between V2 genes of different subgroups has
(Lazarowitz et al., 1989; Boulton et al., 1993) to whichbeen shown previously (Rybicki, 1994). However, this tree
the predicted product of the V2 ORF of TPCTV showsshows a distant relationship between the TPCTV V2 and
the BCTV V3 gene sequences. No homolog of the V4
ORF (unique to the CFH strain of BCTV [Stenger, 1994)
was detected in TPCTV.
DISCUSSION
The results presented here confirm the earlier conclu-
sions of McDaniel and Tsai (1990) that TPCTV is a mem-
ber of the Geminiviridae. As such this virus is the only
member of the Geminiviridae which is not transmitted
either by a leafhopper or by a Bemisia whitefly. Compari-
sons of the predicted amino acid sequence of the CP of FIG. 5. Phylogenetic dendrogram based on alignments of the pre-
TPCTV to those of other geminiviruses shows only low dicted amino acid sequences of gene V2 products. All tree details as
for Fig. 2. The product of BCTV gene V3 was included for comparison.sequence identity (£25%). Typically the CPs of leafhop-
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somewhat more amino acid similarity (43%). The V3 gene the vast host range of BCTV (Bennett, 1971), this advan-
tage may have taken the form of an altered or extendedof BCTV has similarly been implicated in virus movement
(Hormuzdi and Bisaro, 1993) and shows marginally host range which allowed it to colonize new niches. How-
ever, the apparent lack of dispersion of treehopper-trans-higher levels of similarity to the V2 ORF product of TPCTV
(45.6% similarity, 22.8% identity). The function of the V2 mitted geminiviruses suggests that these have been less
successful than leafhopper- and whitefly-transmittedgenes of the monopartite whitefly-transmitted geminivi-
ruses remains unclear, although disruption of the TLCV geminiviruses. Possibly this is a reflection of the limited
host range of treehoppers.V2 gene has been shown to alter the relative levels of
ss and ds DNA (Rigden et al., 1993). The arrangement Taxonomically TPCTV poses something of a conun-
drum. Like BCTV it possesses a hybrid genome withof genes on the virion sense of the TPCTV genome is
therefore possibly more akin to those of the subgroup I complementary-sense genes homologous to subgroup
III genera geminiviruses and a vector that is not a white-geminiviruses, consisting of only the CP and a movement
protein, than to BCTV. fly. The vector in this case is from a homopteran taxon
not previously associated with the Geminiviridae. WeThe arrangement of the complementary-sense genes
of TPCTV is analogous to that of BCTV and whitefly- propose that provisionally TPCTV be assigned to the ge-
nus subgroup II, of which BCTV, the closest relative oftransmitted geminiviruses with the genes in each case
possibly having similar functions. For BCTV and the sub- TPCTV, is the type and only other definitively assigned
member. This will require that the description of the ge-group III geminiviruses these functions include replica-
tion, trans-activation of the coat protein and regulation nus subgroup II be expanded to include viruses with
vectors other than leafhoppers. Possibly this will needof DNA replication for the C1, C2, and C3 genes, respec-
tively (Elmer et al., 1988; Stanley et al., 1992; Sunter and to be reassessed once the full diversity of geminiviruses
has been determined.Bisaro, 1992; Hormuzdi and Bisaro, 1995). The C4 ORF
of TPCTV, however, shows the highest levels of similarity The identification of a third homopteran vector of gemi-
niviruses raises the possibility that further families ofto its homolog in BCTV (although not the CFH strain) and
consists of only the 85-amino-acid ‘‘core sequence’’ found insects within the Homoptera may be vectors. Certainly
TPCTV will be useful in unravelling the complexities ofin BCTV and whitefly-transmitted geminiviruses (Stanley
et al., 1992). The product of the C4 gene has been shown vector specificity and the interactions between virus and
vector which are required for geminivirus transmission.to be a major determinant of pathogenesis and appears
responsible for the hyperplastic response of host plants
to BCTV infection (Stanley and Latham, 1992). This gene ACKNOWLEDGMENTS
product is most probably responsible for the close simi-
The authors thank Drs. S. G. Hormuzdi and D. M. Bisaro, for makinglarity in symptoms between BCTV and TPCTV.
the sequence of the Logan isolate of BCTV available before publication,
Based on the sequence data presented TPCTV ap- as well as Drs. John Stanley and Andrea Prescott for critical reading
pears to have a ‘‘modular recombinant’’ origin. The theory of the manuscript. Insects and virus were held with the permission of
MAFF under the Plant Health (Great Britain) Order 1993 (SI 1993/1320)of ‘‘modular evolution’’ of viruses, whereby there is joint
license Nos. PHF 1419A/1286/114 and PHF 1419B/1424/35. This isevolution of interchangeable units of particular biological
Florida Agricultural Experimental Station Journal Series R-04810.functions which are rearranged to fill a particular niche,
was first proposed by Botstein (1980). With respect to
REFERENCESTPCTV it would appear that the replication module (C1,
C2, and C3 genes) was donated either by BCTV or, more Abouzid, A. M., Polston, J. E., and Hiebert, E. (1992). The nucleotide
sequence of tomato mottle virus, a new geminivirus isolated fromlikely, based on sequence similarities and phylogenetic
tomatoes in Florida. J. Gen. Virol. 73, 3225–3229.comparisons, by a New World whitefly-transmitted gemi-
Bedford, I. D., Briddon, R. W., Markham, P. G., Brown, J. K., and Rosell,nivirus. The pathogenicity module (C4 gene) would ap-
R. C. (1994). Geminivirus transmission and biological characterisa-
pear to have originated from BCTV. Only the vector speci- tion of Bemisia tabaci (Gennadius) biotypes from different geographi-
ficity (CP)/V2 module would appear to be unique to cal regions. Ann. Appl. Biol. 125, 311–325.
Bennett, C. W. (1971). ‘‘The Curly Top Disease of Sugarbeet and OtherTPCTV. Recombination events have been proposed as
Plants.’’ Monogr. 7. Am. Phytopathol. Soc., St. Paul, MN.having played a part in the evolution of several other
Bevan, M. (1984). Binary Agrobacterium vectors for plant transformation.geminiviruses including squash leaf curl virus and pep-
Nucleic Acids Res. 12, 8711–8721.
per huasteco virus (Torres-Pacheco et al., 1993; Rybicki, Biggin, M. D., Gibson, T. J., and Hong, G. F. (1983). Buffer gradient gels
1994). It has also been proposed that BCTV originated and 35S label as an aid to rapid DNA sequence determination. Proc.
Natl. Acad. Sci. USA 80, 3963–3965.from a recombination event between a leafhopper-trans-
Botstein, D. (1980). A theory of modular evolution for bacteriophages.mitted subgroup I and a whitefly-transmitted geminivirus
Ann. N. Y. Acad. Sci. 354, 484–491.(Stanley et al., 1986; Howarth and Vandemark, 1989; La-
Boulton, M. I., Pallaghy, C. K., Chatan, M., MacFarlane, S., and Davies,
zarowitz, 1992). The modular rearrangements which re- J. W. (1993). Replication of maize streak virus mutants in maize proto-
sulted in TPCTV must have provided this virus with some plasts: Evidence for a movement protein. Virology 192, 85–93.
Breathnach, R., and Chambon, P. (1981). Organisation and expressionevolutionary advantage over its predecessor. In view of
AID VY 7901 / 6a16$$$$61 04-15-96 09:36:00 vira AP: Virology
393SEQUENCE OF TPCTV
of eukaryotic split genes coding for proteins. Annu. Rev. Biochem. and Gronenborn, B. (1992). Tomato yellow leaf curl virus from Sar-
dinia is a whitefly-transmitted monopartite geminivirus. Nucleic Acids50, 349–383.
Briddon, R. W., and Markham, P. G. (1995). Family Geminiviridae. In Res. 19, 6763–6769.
‘‘Virus Taxonomy. Sixth Report of the International Committee on Laufs, J., Traut, W., Heyraud, F., Matzeit, V., Rogers, S. G., Schell, J.,
Taxonomy of Viruses’’ (F. A. Murphy, C. M. Fauquet, D. H. L. Bishop, and Gronenborn, B. (1995). In vitro cleavage and joining at the viral
S. A. Ghabrial, A. W. Jarvis, G. P. Martelli, M. A. Mayo and M. D. origin of replication by the replication initiator protein of tomato yel-
Summers, Eds.). Springer, Vienna/New York. low leaf curl virus. Proc. Natl. Acad. Sci. USA 92, 3879–3883.
Briddon, R. W., Pinner, M. S., Stanley, J., and Markham, P. G. (1990). Lazarowitz, S. G. (1992). Geminiviruses: Genome structure and gene
Geminivirus coat protein replacement alters insect specificity. Virol- function. Crit. Rev. Plant. Sci. 11, 327–349.
ogy 177, 85–94. Lazarowitz, S. G., and Lazdins, I. B. (1991). Infectivity and complete
Briddon, R. W., Watts, J., Markham, P. G., and Stanley, J. (1989). The nucleotide sequence of the cloned genomic components of a bipar-
coat protein of beet curly top virus is essential for infectivity. Virology tite squash leaf curl geminivirus with a broad host range phenotype.
172, 628–633. Virology 180, 58–69.
Brough, C. L., Hayes, R. J., Morgan, A. J., Coutts, R. H. A. and Buck, Lazarowitz, S. G., Pinder, A. J., Damsteegt, V. D., and Rogers, S. G.
K. W. (1988). Effects of mutagenesis in vitro on the ability of cloned (1989). Maize streak virus genes essential for systemic spread and
tomato golden mosaic virus DNA to infect Nicotiana benthamiana symptom development. EMBO J. 8, 1023–1032.
plants. J. Gen Virol. 69, 503– 514. Markham, P. G., Pinner, M. S., Mesfin, T., Nebbache, S., Briddon, R.,
Davies, J. W., and Stanley, J. (1989). Geminivirus genes and vectors. and Medina, V. (1989). Geminiviruses and their interaction with vec-
Trends Genet. 5, 77–81. tors. Annu. Rep. AFRC Inst. Plant Science Res. and John Innes Inst.
Devereaux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive for 1988, pp. 63–67.
set of sequence analysis programs for the VAX. Nucleic Acids Res. Markham, P. G., Bedford, I. D., Liu. S., and Pinner, M. (1994). The
12, 387–395. transmission of geminiviruses by Bemisia tabaci. Pestic. Sci. 42,
Ditta, G., Stanfield, S., Corbin, D., and Helinski, D. R. (1980). Broad host 123–128.
range DNA cloning systems for Gram-negative bacteria: construction Matthews, R. E. F. (1991). ‘‘Plant Virology,’’ 3rd ed. Academic Press,
of a gene bank of Rhizobium meliloti. Proc. Natl. Acad. Sci. USA 77, New York.
7347–7351. McDaniel, L. L., and Tsai, J. H. (1990). Partial characterization and
Dry, I. B., Rigden, J. E, Krake, L. R., Mullineaux, P. M., and Rezaian, serological analysis of pseudo-curly top virus. Plant Dis. 74, 17–21.
M. A. (1993). Nucleotide sequence and genome organization of to- Morris, B. A. M., Richardson, K. A., Haley, A., Zhan, X., and Thomas,
mato leaf curl geminivirus. J. Gen. Virol. 74, 147–151. J. E. (1992). The nucleotide sequence of the infectious cloned DNA
Elmer, J. S., Brand, L., Sunter, G., Gardiner, W. E., Bisaro, D. M., and component of tobacco yellow dwarf virus reveals features of gemi-
Rogers, S. G. (1988). Genetic analysis of tomato golden mosaic virus. niviruses infecting monocotyledonous plants. Virology 187, 633–642.
II. The product of the AL1 coding sequence is required for replication.
Mullineaux, P. M., Donson, J., Morris-Krsinich, B. A. M., Boulton, M. I.,
Nucleic Acids Res. 16, 7043 – 7060.
and Davies, J. W. (1984). The nucleotide sequence of maize streak
Etessami, P., Callis, R. Ellwood, S., and Stanley, J. (1988). Delimitation
virus DNA. EMBO J. 3, 3063–3068.
of essential genes of cassava latent virus DNA 2. Nucleic Acids Res.
Nault, L. R. (1987). Origin and evolution of Auchenorrhyncha-transmit-16, 4811–4829.
ted, plant infecting viruses. In ‘‘Proceedings of the 2nd InternationalGildow, F. E. (1985). Transcellular transport of barley yellow dwarf virus
Workshop on Leafhoppers and Planthoppers of Economic Impor-into the haemocoel of the aphid vector, Rhopalosiphum padi. Phyto-
tance’’ (M. R. Wilson and L. R. Nault, Eds.). CIE, London.pathology 75, 292–297.
Navot, N., Pichersky, E., Zeidan, M., Zamir, D., and Czosnek, H. (1991).Gildow, F. E., and Rochow, W. F. (1980). Role of accessory salivary
Tomato yellow leaf curl virus: A whitefly-transmitted geminivirus withglands in aphid transmission of barley yellow dwarf virus. Virology
a single genomic component. Virology 185, 151–161.104, 97–108.
Norrander, J., Kempe, T., and Messing, J. (1983). Construction of im-Grimsley, N., Hohn, T., Davies, J. W., and Hohn, B. (1987). Agrobacter-
proved M13 vectors using oligonucleotide-directed mutagenesis.ium-mediated delivery of infectious maize streak virus into maize
Gene 26, 101–106.plants. Nature 325, 177–179.
Noueiry, A. O., Lucas, W. J., and Gilbertson, R. L. (1994). Two proteinsHamilton, W. D. O., Stein, V., Coutts, R. H. A., and Buck, K. Q. W.
of a plant DNA virus coordinate nuclear and plasmodesmatal trans-(1984). Complete nucleotide sequence of the infectious cloned DNA
port. Cell 76, 925–932.components of tomato golden mosaic virus: Potential coding regions
Padidam, M., Beachy, R. N., and Fauquet, C. M. (1995). Classificationand regulatory sequences. EMBO J. 3, 2197–2205.
and identification of geminiviruses using sequence comparisons. J.Hennig, W. (1981).‘‘Insect Phylogeny.’’ Wiley, New York.
Gen. Virol. 76, 249–263.Hepburn, A. G., White, J., Pearson, L., Maunders, M. J., Clarke, L. E.,
Rigden, J. E., Dry, I. B., Mullineaux, P. M., and Rezian, M. A. (1993).Prescott, A. G., and Blundy, K. S. (1985). The use of pNJ5000 as an
Mutagenesis of the virion-sense open reading frames of tomato leafintermediate vector for the genetic manipulation of Agrobacterium
curl geminivirus. Virology 193, 1001–1005.Ti-plasmids. J. Gen. Microbiol. 131, 2961–2969.
Rybicki, E. P. (1994). A phylogenetic and evolutionary justification forHiggins, D. G., Bleasby, A. J., and Fuchs, R. (1992). CLUSTAL V: Im-
three genera of Geminiviridae. Arch. Virol. 139, 49–77.proved software for multiple sequence alignment. Comput. Appl. Bio-
Sanger, F., Nicklen, S., and Coulson, A. R. (1977). DNA sequencing withsci. 8, 189–191.
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 74, 5463–Hormuzdi, S. G., and Bisaro, D. M. (1993). Genetic analysis of beet
5467.curly top virus: Evidence for three virion sense genes involved in
Simons, J. N., and Coe, D. M. (1958). Transmission of pseudo-curly topmovement and regulation of single- and double-stranded DNA levels.
virus in Florida by a treehopper. Virology 6, 43–48.Virology 193, 900–909.
Stanley, J., and Gay, M. R. (1983). Nucleotide sequence of cassavaHormuzdi, S. G., and Bisaro, D. M. (1995). Genetic analysis of beet
latent virus DNA. Nature 301, 260–262.curly top virus: Examination of the roles of L2 and L3 genes in viral
Stanley, J., and Latham, J. R. (1992). A symptom variant of beet curlypathogenesis. Virology 206, 1044–1054.
top geminivirus produced by mutation of open reading frame C4.Howarth, A. J., and Vandemark, G. J. (1989). Phylogeny of geminiviruses.
Virology 190, 506–509.J. Gen. Virol. 70, 2717–2727.
Kheyr-Pour, A., Bendahmane, M., Matzeit, V., Accotto, G. P., Crespi, S., Stanley, J., and Townsend, R. (1985). Characterization of DNA forms
AID VY 7901 / 6a16$$$$61 04-15-96 09:36:00 vira AP: Virology
394 BRIDDON ET AL.
associated with cassava latent virus infection. Nucleic Acids Res. Stoner, W. N., and Hogan, W. D. (1950). Viruses affecting vegetable
13, 2189–2205. crops in the Everglades area. Florida Agric. Exp. Stn. Annu. Rep., p.
Stanley, J., Latham, J. R., Pinner, M. S., Bedford, I., and Markham, P. G. 206.
(1992). Mutational analysis of the monopartite geminivirus beet curly Sunter, G., and Bisaro, D. M. (1992). Transactivation of the geminivirus
top virus. Virology 191, 396– 404. AR1 and BR1 gene expression by the viral AL2 gene product occurs
Stanley, J., Markham, P. G., Callis, R. J., and Pinner, M. S. (1986). The at the level of transcription. Plant Cell 4, 1321–1331.
nucleotide sequence of an infectious clone of the geminivirus beet Torres-Pacheco, I., Garzon-Tiznado, J. A., Herrera-Estrella, L., and Ri-
curly top virus. EMBO J. 5, 1761–1767. vera-Bustamante, R. F. (1993). Complete nucleotide sequence of pep-
Stenger, D. C. (1994). Complete nucleotide sequence of the hyperviru-
per huasteco virus: analysis and comparison with bipartite geminivi-
lent CFH strain of beet curly top virus. Mol. Plant-Microbe Interact.
ruses. J. Gen. Virol. 74, 2225–2231.
7, 154–157.
AID VY 7901 / 6a16$$$$61 04-15-96 09:36:00 vira AP: Virology
